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A unique general, large-scale, simple, and cost-effective strategy, i.e., foaming-assisted electrospinning, for fabricating various transition metal oxides into ultrafine nanoparticles (TMOs UNPs) that are uniformly embedded in hierarchically porous carbon nanofibers (HPCNFs) has been developed. Taking advantage of the strong repulsive forces of metal azides as the pore generator during carbonization, the formation of uniform TMOs UNPs with homogeneous distribution and HPCNFs was simultaneously implemented. The combination of uniform ultra-small TMOs UNPs with homogeneous distribution and hierarchically porous carbon nanofibers with interconnected nanostructure could effectively avoid the aggregation, dissolution, and pulverization of TMOs, promote the rapid three-dimensional transport of both Li ions and electrons throughout the whole electrode, and enhance the electrical conductivity and structural integrity of the electrode. As a result, when evaluated as binder-free anode materials in Li-ion batteries, they displayed extraordinary electrochemical properties with outstanding reversible capacity, excellent capacity retention, high Coulombic efficiency (CE), good rate capability, and superior cycling performance at high rates. More importantly, the present work opens up a wide horizon for the fabrication of a wide range of ultra-small metal/metal oxides distributed in one-dimensional porous carbon structures, leading to advanced performance and enabling their great potential for promising large-scale applications.
Introduction
The ever increasing demand for making lithium-ion batteries (LIBs) with larger gravimetric and volumetric capacities, high power density, and long cycle life for various technological applications, e.g., portable electronics, electric vehicles, and renewable energy integration, remains a big challenge. [1] [2] [3] The anode material is an indispensable component in determining the capacity, cycle life, and power/energy density of LIBs. Nevertheless, the most intensively used commercial anode material, i.e., graphite, has a low gravimetric capability (theoretically 372 mAh g -1 ), which makes it difficult to meet the demands for high energy density in energy storage systems. Recently, transition metal oxides (TMOs; M: Ti, V, Fe, Zn, Mn, Co, Ni, Mo, etc.) have been intensively exploited as promising anode materials due to their high theoretical specific capacities (> 600 mAh g -1 ), widespread availability, and environmental benignity. Unfortunately, the intrinsically low conductivity of TMOs gives them poor rate performances. [25, 26] Furthermore, the biggest issue for TMOs as electrode materials relates to the drastic changes and mechanical strain during the reaction with lithium to form metals/alloys dispersed in the Li 2 O matrix, leading to severe capacity fading after only a few discharge/charge cycles. [27, 28] To overcome these limitations, various approaches have been developed to enhance the electrical conductivity while improving the structural stability of TMO-based anode materials.
One effective strategy is reducing the size of the particles to the nanoscale, which could shorten the diffusion length for Li ions, leading to high rate capability, and mitigate the absolute strain during lithiation/delithiation, retarding the fracturing and pulverization from significant volume changes. [29] [30] [31] Nevertheless, inevitable capacity decay during the electrochemical reaction is usually observed due to the tendency towards aggregation and growth of nanosized particles with high surface energy. Correspondingly, coating or hybridizing nano-TMOs with conductive carbon nanomaterials provides an advanced avenue for enhancing the power and energy densities and initially improving the cycling stability. [32] [33] [34] [35] [36] The carbon matrix could act as not only a matrix to enhance the conductivity, but also as a buffer to accommodate the volume changes and prevent particle aggregation during repeated charging-discharging processes, significantly enhancing lithium insertion and extraction.
Small and homogeneous particle size, uniform distribution, and porous and robust network structure are definitely the key factors for achieving advanced electrochemical performance.
Nonetheless, general and rational design and fabrication of TMO-based anodes with a stabilized structure that can tolerate long cycling are rarely reported and remain a big challenge.
Owing to their uniform structure, orientated electronic and ionic transport, and strong tolerance towards changes in stress, one-dimensional (1D) architectures are capable of displaying fascinating electrochemical properties. [34, 35] Recent works have demonstrated that electrospinning is becoming a versatile, simple, cost-effective, and scalable strategy for producing 1D nanostructures, which possess many outstanding properties, including good mechanical strength, excellent flexibility, superior electrical conductivity, and large surface area to volume ratios. [37] [38] [39] [40] [41] Nevertheless, a relatively high carbon content resulting from the carbonization of as-electrospun polymers and lack of sufficient porosity could block the diffusion paths of the electrolytes and ions during charge/discharge processes, leading to decreased power and energy. [6, 42] Moreover, particles of TMOs tend to grow and aggregate during carbonization of polymeric nanofibers and are usually located on the surfaces of the nanofibers, which is potentially harmful to the formation of a stable solid electrolyte interphase (SEI) layer and results in unsatisfactory electrochemical performance. Figure   1 ). The unique 1D nanostructure can effectively suppress the agglomeration and growth of ultra-small TMOs UNPs, improve the electrochemical reaction kinetics, tolerate the tremendous volume changes during repeated charge and discharge processes, and enhance the transport of both electrons and ions due to significantly shortened conducting and diffusion pathways. Moreover, the conductive carbon shells are beneficial for producing a stable SEI layer to protect the electrolyte from persistent decomposition. Furthermore, as-electrospun nanofiber mats grown on copper foil could be directly adopted as electrodes in LIBs without the use of any binder or carbon black, which greatly improves both the energy density and the power density for LIBs, and reduces the cost of the cells. As a consequence, the as-prepared TMOs UNPs@HPCNFs exhibit high specific capacity, excellent rate capability, and cycling stability, which validates their great promise for electrochemical applications in LIBs. decomposition process to form a strong vapor phase, which leads to the formation of abundant mesopores and macropores inside the polymeric nanofibers [43] and functions as a separator to prevent the TMO nanocrystals from agglomerating and growing into larger particles.
Results and Discussion
The morphology and nano-architecture of the as-spun polymeric nanofibers and obtained intensive peak indexed to carbon. [44] The Raman spectra of the TMOs UNPs@HPCNFs respectively. Due to the abundant defects and vacancies of amorphous carbon, the diffusion of lithium ions could be favored, and more reversible active sites for Li storage would be available in the as-prepared HPCNFs, which would contribute to the overall capacity. [45, 46] Moreover, scanning TEM (STEM) with the corresponding elemental mapping images ( It further verifies the doping of N into HPCNFs, which could facilitate the electron transfer and Li ions diffusion kinetics. [47] The characteristic peaks of the metals were further examined by high-resolution XPS analysis (insets of Figure 4d , e, and f), in which two signals attributed to the 2p 3/2 and 2p 1/2 orbitals for Zn(II), Mn(II), and Co(II), respectively, could be clearly observed, confirming the formation of the corresponding TMOs in the HPCNFs. These results obviously demonstrate that our strategy to synthesize TMOs UNPs@HPCNFs is universal and efficient, and it has several key advantages for achieving advanced electrochemical performance, including ultra-small TMO UNPs with homogeneous particle size and uniform distribution, and a porous and robust network structure, which are integrated into the asprepared TMOs UNPs@HPCNFs.
Such an ultra-uniform distribution of TMOs UNPs in the HPCNFs, in association with the unique 1D nanostructures with hierarchically porous structure, was expected to lead to high capacity and excellent performance when the samples were evaluated for lithium storage. To confirm this, the ZnO UNPs@HPCNFs sample was selected and investigated in detail as a typical sample of these electroactive materials in LIBs. It should be noted that all the specific capacity is calculated based on the total mass of the TMOs UNPs@HPCNFs, and the loading amount of the active material for the electrode is around 1.6 mg cm -2 , which can be controlled by altering the electrospinning time. and growth of the SEI layer. [48] The anodic curves display two peaks, in which the peak at 0.51 V is related to the multi-step de-alloying process of Li-Zn alloy, and the broad peak at 1.37 V is related to the formation of ZnO according to the redox reaction between Zn and Li 2 O. [49, 50] Therefore, the overall reaction process of ZnO UNPs@HPCNFs in LIBs could be described as Equations 1, 2:
In order to verify the reaction mechanism of ZnO UNPs@HPCNFs, HRETM of ZnO UNPs@HPCNFs at different discharged states was subsequently conducted. It can be clearly seen that the discharged product at discharging to 0.55 V ( Figure S9a Figure 5b presents the voltage profiles of ZnO UNPs@HPCNFs for different cycles between 0.001 and 3 V at a current density of 0.1 A g -1 , which exhibit typical characteristics of a ZnO electrode. [5] Impressively, the first discharge and charge capacities are 1923 and 1369 mAh g -1 , respectively, corresponding to a coulombic efficiency (CE) of 71%. This CE is generally regarded as high, which indicates that the encapsulation of ZnO UNPs in HPCNFs could considerably alleviate detrimental reactions between the ZnO and the electrolyte. [51] The capacity loss during the first cycle is mainly attributed to the incomplete conversion The anode displays excellent capacity retention, delivering a discharge capacity of 1136 mAh g -1 after 150 cycles without any apparent capacity loss, which is actually 32.9% higher than the theoretical capacity of ZnO UNPs@HPCNFs, indicating the significant synergistic coupling effect between ultrasmall ZnO nanoparticles and HPCNFs. Moreover, it should be pointed out that a high CE of over 99% was achieved after only a few cycles, demonstrating the high reversibility and stability of the ZnO UNPs@HPCNFs.
The ZnO UNPs@HPCNFs electrode was further cycled at various current densities to investigate the rate performance. The corresponding discharge capacities at various current densities from 0.1 to 3 A g -1 demonstrate the much improved rate capability for the ZnO UNPs@HPCNFs (Figure 5d) . At a low current density of 0.1 A g -1 , the specific reversible capacity could reach ~1214 mAh g -1 . Notably, even at a higher current density of 3 A g -1 , the electrode still delivers a capacity of ~618 mAh g -1 , which is much higher than the practical capacity of commercial graphite and those of ZnO NPs@CNFs and ZnO powders. More importantly, when the current density decreases to 0.1 A g -1 after cycling under high current densities, the ZnO UNPs@HPCNFs exhibits very stable cyclability, and it could deliver a reversible capacity of 1190 mAh g -1 with capacity fading of only 2% compared with the relative capacity obtained in the initial cycle at 0.1 A g -1 . Additionally, it could be observed, after a slight decrease of the reversible capacity to 525 mAh g -1 in the initial 300 cycles, a specific capacity as high as 630 mAh g -1 could be obtained at the current density of 3 A g -1 even after 500 deep charging and discharging cycles (Figure 5e ), which further attests to the excellent cycling stability of ZnO UNPs@HPCNFs. The gradual increasing of capacity during cycling process was generally attributed to the gradual decomposition of the irreversible Li 2 O formed in the 1 st discharge process, the interfacial lithium storage and/or the wetting problem between the electrode and electrolytes, which will result in a gradually increased utilization of active materials upon continuous cycling. [12, 52] The minor capacity fluctuation during the long-cycling test could be attributed to the unstability of the SEI film, the electrolyte degradation, the reaction of oxygen-containing functional groups on the carbon with lithium ions, and/or the small temperature fluctuation of the environment. [53] To further understand the outstanding electrochemical performance of ZnO UNPs@HPCNFs, TEM analysis (Figure 5f ) was conducted to examine the morphological changes in the electrode after 500 charge/discharge cycles at 3 A g -1 . The TEM image obviously confirms that the porous structure of the carbon nanofibers is still well preserved after cycling for the ZnO UNPs@HPCNFs, which demonstrates that the tailored nanostructure of the TMOs UNPs@HPCNFs could effectively restrain the pulverization and aggregation of TMO nanograins during continuous lithiation and delithiation processes, thus ensuring high cycling stability.
Electrochemical impedance spectroscopy (EIS) measurements on the electrodes containing ZnO UNPs@HPCNFs, ZnO NPs@CNFs, and commercial ZnO powders were also performed, both before cycling and after 500 cycles, to gain deeper insight into the remarkably enhanced electrochemical reaction kinetics and cycling performance of the ZnO UNPs@HPCNFs. As shown in Figure S11 , all the Nyquist plots present a depressed semicircle in the medium frequency region, which is associated with internal resistances in the electrode. Clearly, the charge transfer resistance of ZnO UNPs@HPCNFs is the lowest, and it is much lower than those of ZnO NPs@CNFs and ZnO powders, representing the highly enhanced electrical conductivity and electrochemical reaction kinetics of the whole electrode. More importantly, the diameter of the semicircle for the ZnO UNPs@HPCNFs at high frequency does not increase much, even after 500 cycles, thus suggesting the formation of a stable SEI layer on the surface of the electrode in the initial cycles and high structural integrity. [19] The cycling performance of MnO UNPs@HPCNFs and CoO UNPs@HPCNFs at a constant current density of 0.1 A g -1 was further evaluated (Figure 5g) , the results of which clearly authenticate their superior cyclability, delivering the discharge capacity of 1118 and 1057 mAh g -1 , respectively, at the end of 100 charge-discharge cycles. By comparison, only a reversible capacity of 104 and 117 mAh g -1 after 100 cycles was observed for pure MnO and ZnO, respectively, coupled with rapid capacity fading. Remarkably, the CE approaches 100%
for both MnO UNPs@HPCNFs and CoO UNPs@HPCNFs, suggesting that the superior cycling stability for reversible Li + storage is highly repeatable. These results obviously validate the general practicability of this unique nanostructure for modifying the electrochemical performance of TMOs as anodes.
The exceptional electrochemical performance of TMOs UNPs@HPCNFs with ultra-high specific capacity, excellent rate capability, and ultra-long cycle life could be attributed to the following merits. First, the formation of ultra-small TMOs UNPs (~ 4 nm) could significantly shorten the solid-state diffusion of Li + and mitigate the volume changes and agglomeration caused by lithium insertion/extraction. Moreover, the interconnected 1D morphology of the HPCNFs directly grown on the copper foil can serve to provide channels for fast electron transport, which could significantly increase the electrical conductivity of the uniformly distributed TMO UNPs and decrease the internal resistance of the LIBs, thereby resulting in a high specific capacity. Furthermore, the plentiful mesopores and macropores inside the HPCNFs provide sufficient void space for the volume changes during charging and discharging processes, which is beneficial for maintaining the structural integrity and storing the electrolyte in "reservoirs", which significantly shorten the diffusion pathways of Li ions and increase the contact interface between the active materials and the electrolyte, thus facilitating rapid mass and electron transport and high-rate capability. The hierarchical porous carbon nanofibers could facilitate the three-dimensional fast diffusion of electrolyte, restrict the growth of the SEI layer, and provide a sturdy shell to mechanically accommodate the stress associated with the large volume changes during electrochemical reactions of the ultrasmall TMO UNPs, all of which promote cycling stability. All of these features are responsible for the superior high-rate cycling performance of the TMOs UNPs@HPCNFs.
Conclusion
In summary, we have developed a novel, scalable, and general route to synthesize ultra-small Furthermore, the present method is facile, large-scale, and generally applicable for the synthesis of TMOs UNPs@HPCNFs, and it offers a new, scalable, and general pathway for the rational design of functional materials for a broad range of applications such as catalysis, nanoelectronics, and energy storage or conversion.
Experimental Section
Materials Synthesis: Poly(vinyl alcohol) (PVA, 0. 
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